The data underlying the results presented in the study are available at the USGS data repository, Science Base and accessible at <https://doi.org/10.5066/P9XON1P4>.

Introduction {#sec006}
============

Habitat loss and fragmentation, usually attributed to anthropogenic disturbance or natural disasters, are well documented to affect species diversity and ecosystem processes \[[@pone.0235907.ref001]\]. An emerging infectious disease that causes a large-scale die-off can be a major disturbance to affected populations, causing population declines or extirpations, altering species interactions, or affecting habitat structure in the short and long term. For example, the introduction of myxomatosis to Great Britain and Australia reduced the abundance of invasive rabbits and allowed native flora and fauna to recover \[[@pone.0235907.ref002]\], and similarly, the introduction and later eradication of rinderpest altered wildebeest populations leading to widespread changes in the structure of Serengeti grasslands and related ecological processes \[[@pone.0235907.ref003]\]<https://paperpile.com/c/X04jFN/vciyo>. In addition, the emergence of sea star wasting disease along the Pacific coasts has led to a major reduction in sea star populations and is expected to cause major changes to intertidal communities \[[@pone.0235907.ref004]\]. Thus, emerging infectious diseases can have large effects on ecosystem structure and function, especially when a highly contagious and virulent disease is introduced to or invades a naive population and when the primary affected species has a greater effect on the community and ecosystem than would be expected given its numbers or niche (i.e. is a keystone species or ecosystem engineer) \[[@pone.0235907.ref005]\].

Another example of such a disturbance is plague affecting prairie dogs in the United States. Prairie dogs (*Cynomys* spp.), a keystone species in western US grasslands, northern Mexico and southern Canada \[[@pone.0235907.ref006]\], currently inhabit approximately 2% of their historical range due to human activities (hunting, poisoning, land-use change) and a re-emerging infectious disease, sylvatic plague \[[@pone.0235907.ref007],[@pone.0235907.ref008]\]. These social mammals are ecosystem engineers; they alter the vegetation structure on colonies by removing shrubs and woody plants, increasing the abundance of forbs \[[@pone.0235907.ref009]\], provide shelter in their burrow networks for small rodents, burrowing owls (*Athene cunicularia*), mountain plovers (*Charadrius montanus*), and other animals \[[@pone.0235907.ref006],[@pone.0235907.ref010],[@pone.0235907.ref011]\], and support diverse predator communities, such as swift foxes (*Vulpes velos*), badgers (*Taxidea taxus*), raptors, and the endangered black-footed ferret (*Mustela nigripes*) \[[@pone.0235907.ref012]\]. Post plague die-offs, the remaining highly fragmented prairie dog colonies are more susceptible to predation \[[@pone.0235907.ref013]\], can have reduced gene flow, and are at higher risk of stochastic extinction \[[@pone.0235907.ref014]--[@pone.0235907.ref016]\]. Consequently, colony fragmentation and habitat loss, in addition to the continued presence of the pathogen on the landscape, threaten the viability of prairie dog populations and the diverse communities associated with them.

Plague, caused by the bacterium *Yersinia pestis*, is a major threat to remaining prairie dog populations. After introduction into San Francisco in 1900, plague spread north and east to its current distribution west of the 100th meridian \[[@pone.0235907.ref017]\]. While the distribution of plague has been fairly stable, it is continuing to spread slowly east into South Dakota and north into Canada \[[@pone.0235907.ref018],[@pone.0235907.ref019]\]. Prairie dogs are highly susceptible to sylvatic plague, and the arrival of *Y*. *pestis* on a particular prairie dog colony generally leads to population declines \[[@pone.0235907.ref020],[@pone.0235907.ref021]\], resulting in a patchwork of affected colonies across the colony complex \[[@pone.0235907.ref022]\]. Plague epizootics seem to be cyclical, re-emerging on colony complexes 5--15 years after previous plague outbreaks \[[@pone.0235907.ref023]\]. The mechanism maintaining plague within colony complexes and across the broader landscape is unknown, but potential hypotheses include alternate reservoir hosts, spatial and temporal rescue effects (e.g. spatial patterns maintain plague on the larger landscape even when absent from local colonies), or low levels of endemicity that are difficult to detect and may affect black-footed ferret survival \[[@pone.0235907.ref024]--[@pone.0235907.ref028]\].

Previous studies of the landscape patterns of plague in endemic areas (i.e. where plague has been present since \~1950s) have identified climatic and landscape features that affect the patterns of plague occurrence. In particular, colonies with a recent history of plague epizootics are smaller and more isolated than colonies in areas with no recent history of plague \[[@pone.0235907.ref022],[@pone.0235907.ref029],[@pone.0235907.ref030]\]. In addition, colonies that are more connected and in proximity to plague positive colonies are more likely to experience plague die-offs \[[@pone.0235907.ref031]\]. Lastly, warm winters and wet springs generally support increases in plague activity \[[@pone.0235907.ref032],[@pone.0235907.ref033]\], but dry springs can increase flea loads on prairie dogs predisposing them for plague too \[[@pone.0235907.ref034]\]. However, these studies have focused on areas with long histories of plague caused die-offs, and thus, do not represent the initial effect of this disease upon invasion to a naive colony complex.

Here, we describe the landscape patterns of a colony complex, Conata Basin, South Dakota, that was monitored before and after the initial invasion of plague in 2008. We observed that the invasion of plague led to both loss of occupied grassland and fragmentation of the prairie dog complex. Specifically, we assessed how the arrival of plague in the Conata Basin affected the size, shape, and aggregation of prairie dog colonies. We provide this case study as an example of the role of invading or emerging infectious diseases as a source of disturbance that can lead to habitat loss and fragmentation.

Methods {#sec007}
=======

Study area & colony mapping {#sec008}
---------------------------

The study area is considered mixed-grass prairie and consisted of black-tailed prairie dog (*Cynomys ludovicianus*) colonies within the Conata Basin area of Buffalo Gap National Grassland near Badlands National Park in southwestern South Dakota (UTM Zone 13N 677522 East, 4874059 North by 764865 East, 4839493 North; [S1 Fig](#pone.0235907.s002){ref-type="supplementary-material"}). All of the prairie dog colonies surveyed in the study area were located on public land managed by the U.S. Department of Agriculture, US Forest Service (USFS). Therefore, no permits had to be obtained as the work was conducted under the management authority of the USFS. Interspersed private lands and National Park Service lands were not included, which resulted in un-natural colony edges recognizable by straight lines in [Fig 1](#pone.0235907.g001){ref-type="fig"}.

![Composite map of the study area, Conata Basin, South Dakota.](pone.0235907.g001){#pone.0235907.g001}

The primary land use of the Conata Basin area is cattle grazing and recreation, however recreational shooting of prairie dogs has not been permitted in most areas since 1998 (Forest Service Special Order WRD-98-01). Beginning in 2005, Boundary Management Zones (BMZs) were used in the Buffalo Gap National Grassland in areas ≤ ½ mile adjacent to private lands to reduce unwanted prairie dog colonization onto private land. Within BMZs, the use of rodenticide, vegetation management, and physicl barriers, such as fencing, were allowed \[[@pone.0235907.ref035]\]. However, only 5 colonies of the 91 selected colonies crossed into private lands and would have potentially been part of the BMZs. Of these, a visual inspection of the spatial data did not show any clear difference in the location of the boundaries by year pre or post 2005. Therefore, it is unlikely to affect trends in fragmentation post 2008. In addition to human land uses and management, prairie dogs were also subject to drought or flood conditions and predation by native predators, including black-footed ferrets that were first reintroduced into the area in 1994 and supplemented during 1996--1999 \[[@pone.0235907.ref036],[@pone.0235907.ref037]\].

Plague arrival {#sec009}
--------------

Plague was first detected in South Dakota in 2005, and to be proactive a consortium of management agencies in South Dakota dusted approximately 2,800 ha (8 core colonies representing 27% of colony area and the primary habitat of re-introduced black-footed ferrets) with deltamethrin to reduce flea populations. In 2006 & 2007, 2 of these 8 colonies representing approximately 400 ha were repeatedly dusted. In May 2008, the first severe incidence of plague was observed in Conata Basin. The disease was confirmed through testing of individual deceased prairie dogs on core colonies in concert with large-scale die-offs throughout the prairie dog colonies \[[@pone.0235907.ref038]\]. Although confirmatory testing was not completed for all potentially affected colonies, there were no other known sources of large-scale mortality co-occurring (such as drought or flooding). Within the full colony complex, 4,000--6,000 hectares of prairie dog colonies were dusted with an insecticide (deltamethrin) annually as of June 2008 to control the spread of disease and preserve the black-footed ferret recovery area \[[@pone.0235907.ref038]\]. The use of dusting, an effective tool for vector control thereby increasing prairie dog survival \[[@pone.0235907.ref028]\], will make the estimates of the selected colony fragmentation due to plague invasion conservative, but dusting was necessary to meet conservation objectives. In addition, small-scale experimental plots to test the efficacy of various treatments to prevent plague outbreaks may have occurred in the study colonies. However, generally these experiments have short durations and covered small spatial scales (for example, \[[@pone.0235907.ref021]\]), thus were unlikely to bias the larger dataset.

Mapping {#sec010}
-------

The perimeter of active prairie dog colonies present in the study area were mapped by the USFS over the course of 1993 to 2015 every 1 to 3 years. For each year the area was surveyed, all-terrain vehicles were used to record the boundaries of active prairie dog colonies while using a handheld global positioning system (GPS) to record the geographic coordinates every 1 to 5 seconds. Active prairie dog colonies were identified by the visual and audible presence of prairie dogs, and the boundary of these colonies was determined by locating signs of maintenance or recent prairie dog activity. This method was used to estimate colony size in all years except in 1993 and 2006, when the locations of the prairie dog colonies were determined by aerial mapping (for additional methodological details, see \[[@pone.0235907.ref039],[@pone.0235907.ref040]\]).

Spatial analysis {#sec011}
----------------

The GPS data were incorporated into vector-based geographic information system (GIS) files, projected to North American Datum 1983, Universal Transverse Mercator zone 13 North (NAD83/UTM Zone 13) by the USFS. Using QGIS 2.14 Essen, any errors in the projected GPS data were corrected, and a single vector-based GIS file was created for each year the prairie dog colonies were mapped. To generate a unique identification code for colonies through time, the yearly GIS files were merged together to create a composite map of all the colonies surveyed between the years 1993 and 2015. The colonies in the composite map were then buffered by 69m and merged into a single shapefile representing the maximum boundary of the colony from 1993--2015. We used this buffer to identify unique colony complexes because it was the mean distance black-tailed prairie dogs moved in a spatial mark-recapture study (n = 21,000 marked prairie dogs in 58 sites over 7 western states, study described in \[[@pone.0235907.ref021]\]). The estimate is not intended to capture dispersal and represents a conservative estimate of prairie dog home range size ((69m)^2^ = 0.48 ha, coterie sizes from South and North Dakota black-tailed prairie dog colonies ranged from 0.5--1.8 ha \[[@pone.0235907.ref041]\]). We did not take physical barriers, like deep drainages, into account and some colonies could be counted as one, even though prairie dogs do not cross these barriers daily. Through this process, we identified 425 spatially distinct merged colonies. We then used a spatial join to transfer the unique ID of the spatially distinct merged colonies to the yearly shapefiles and refer to them as colony complexes (as depending on the year, there may be one or more spatially distinct colonies with the same unique ID), thus ensuring that patches, referred to as colonies, within each unique colony complex could be tracked through time.

We selected colony complexes for analysis that were repeatedly surveyed throughout 1993--2015. Specifically, colony complexes included in the analysis were sampled at least three times (with a maximum of 12 times), and included at least one measurement before and one measurement after plague arrived. We chose to focus on colony complexes that were measured at least once before and after the arrival of plague as the entire study area was not consistently mapped until 2007. This selection criteria will make our estimates of post-plague fragmentation potentially more conservative. New vector-based GIS files including the 91 selected and unbuffered colony complexes were created for each surveyed year and converted to raster-based GIS files with a resolution of 25 m (the default in ArcGIS 10) to be able to quantify the spatiotemporal changes in FRAGSTATS ([Fig 2](#pone.0235907.g002){ref-type="fig"}). The rasterization process can split polygon features into distinct patches if the feature is narrow enough to fill less than ½ of the cell (12.5 m^2^), and this effect would be present in all by year raster layers.

![Workflow from U.S. Forest Service collected shape files to variables used in analysis.\
Shapefiles of colony boundaries collected by the USFS from 1993 to 2015 were overlaid and merged in QGIS to generate a composite map, identifying 425 non-overlapping colony complexes. Colony complex ID was added to individual year shapefiles using spatial join. We then applied our selection criteria, and generated year shapefiles with the 91 selected colony complexes. The shapefiles were converted to raster files and analyzed in FRAGSTATS with the colony complex ID as the class feature, generating landscape (Conata Basin complex), class (colony complex) and patch (colony within a complex) variables for statistical analysis in R Statistical Software.](pone.0235907.g002){#pone.0235907.g002}

The raster-based GIS files were analyzed in FRAGSTATS v4.2, where classes were defined as the colony complex ID and patches were spatially distinct colonies within the colony complex. We report variables we expected to change due to plague activity: mean patch (colony) area (AREA_MN), total class (colony complex) area (CA), number of patches (NP), mean proximity index (PROX_MN), mean shape index (SHAPE_MN), and mean contiguity index (CONTIG_MN) of the colonies, at both the colony complex ID (class) and study area (landscape) level, during each year surveyed ([Table 1](#pone.0235907.t001){ref-type="table"}). We chose to use the proximity index (PROX) to evaluate the relative patch isolation, because it considers both the distance of a patch to other patches as well as the size of the patches around it. Therefore, a patch surrounded by multiple other small patches may have the same proximity index as a patch near one large patch, thus providing a measurement of both the degree of patch isolation and the degree of patch fragmentation and offering a more ecological based representation of isolation. To assess possible vulnerability of a patch (edge to interior ratio), we included the mean shape index, which characterizes the mean geometric complexity of each patch by measuring the perimeter-to-area ratio in comparison to a square standard, and the mean contiguity index, which describes the mean contiguity or connectedness of each patch's border configuration.

10.1371/journal.pone.0235907.t001

###### Metrics used in analysis.

![](pone.0235907.t001){#pone.0235907.t001g}

  Metric                                             Description                                                                                                                                            Units
  -------------------------------------------------- ------------------------------------------------------------------------------------------------------------------------------------------------------ --------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------------
  *Total Class Area (CA)*                            The total area of a colony complex                                                                                                                     Hectares (ha)
  *Number of Patches (NP)*                           The total number of colonies in a colony complex or the entire landscape                                                                               None
  *Mean Patch Area Distribution (AREA_MN)*           The mean area of each colony in a colony complex                                                                                                       Hectares (ha)
  *Mean Shape Index Distribution (SHAPE_MN)*         A measure of the mean geometric complexity of each colony in a colony complex. It is the perimeter-area ratio adjusted to a square standard.           None SHAPE is always ≥ 1 If SHAPE = 1, the colony's shape is a square, as SHAPE increases, the geometric complexity of the colony's shape increases.
  *Mean Contiguity Index Distribution (CONTIG_MN)*   A measure of the mean boundary configuration of the colonies in a colony complex, based on the spatial connectedness of grid cells within the patch.   None 0≤CONTIG ≤ 1 If CONTIG = 0, it is a 1 pixel patch, as CONTIG approaches 1, it indicates a more contiguous patch shape.
  *Mean Proximity Index Distribution (PROX_MN)*      A measure of the mean spatial isolation of colonies to other intra-colony complex or inter-colony complex colonies.                                    None PROX is always ≥ 0 If PROX = 0, then the patch has no neighbors of the same patch type within the search radius, as PROX increases, it indicates more neighboring patches of the same type that are closer and/or larger.

Parameters were computed using FRAGSTATS v4.2.1. If applicable, metrics were computed at both the Landscape and Class level. See FRAGSTATS manual for detailed descriptions and mathematical equations of each metric \[[@pone.0235907.ref042]\].

Data analyses {#sec012}
-------------

The spatial characteristics for each colony complex ID were compared before and after plague in Statistical Software R (\[[@pone.0235907.ref043]\]; see R code in Online Resource 1, the data supporting this manuscript are available at DOI: <https://doi.org/10.5066/P9XON1P4>). We categorized years before plague as 0 and sequentially numbered the years since the outbreak (e.g. ≤ 2008 = 0, 2009 = 1, 2011 = 3) and used this as a continuous explanatory variable in linear mixed effect models using function *lmer* for most variables, and function *glmer* with a Poisson distribution for number of patches, in package lme4 \[[@pone.0235907.ref044]\]. The models were nested by colony complex ID to assess changes per colony complex over time. Nesting by colony complex ID ensures that model comparisons are looking at changes within colony complexes over time and controls for the fact that not all colony complexes were surveyed each year. Six models were constructed, one for each spatial characteristic: total class area (natural log transformed), number of patches, the mean patch area (natural log transformed), mean shape index, mean contiguity index, and mean proximity index (natural log transformed after patches without nearest neighbors were removed). Model residuals were assessed for normality. For each characteristic, fitted models were compared to random effect only models by Akaike's Information Criterion (AIC) \[[@pone.0235907.ref045]\]. The model with the lowest AIC was considered the best model and models within 2 AIC were considered equal and the most parsimonious was chosen.

Results {#sec013}
=======

Study area and colony mapping {#sec014}
-----------------------------

In the study area of approximately 300,000 hectares, 425 unique colony complexes were identified between 1993 and 2015; 91 were included in the analyses. At least 17 and up to 84 colony complexes were included per year.

Colony size {#sec015}
-----------

Prior to the invasion of plague in 2008, the Conata Basin complex expanded ([Fig 1](#pone.0235907.g001){ref-type="fig"}, [Table 2](#pone.0235907.t002){ref-type="table"}). In 1993 the number of unique colony complexes selected in the study area was 19, with 221 total number of colonies. By 2007 the total number of colony complexes increased to 66 with 143 total number of colonies. The mean number of colonies (patches) per colony complex also decreased from 11.47±34.20 in 1993 to 2.17±4.60 in 2007, meaning that fragmented colonies merged into larger continuous colonies. During this time of expansion, the total area of the selected colony complexes was largest in 2006 (n = 84) at 14,544 ha. After the arrival of plague, the number of selected colony complexes remained fairly constant, but the total number of colonies increased from 231 in 2009 to 500 in 2015 and the mean number of colonies per colony complex also increased from 3.11±12.53 in 2009 to 6.54±26.90 in 2015. In addition, the mean colony complex size (total class area) decreased, indicating colony complexes were fragmented into smaller colonies ([Fig 1](#pone.0235907.g001){ref-type="fig"}, [Table 2](#pone.0235907.t002){ref-type="table"}, [S2 Fig](#pone.0235907.s003){ref-type="supplementary-material"}). The total area of the selected colony complexes decreased to 3,831 ha by 2015 (n = 76).

10.1371/journal.pone.0235907.t002

###### Summary of fragmentation metrics from FRAGSTATS for the rasters by year of the 91 selected prairie dog colony complex boundaries.

Plague was observed in 2008. Note that not all colony complexes were surveyed each year.

![](pone.0235907.t002){#pone.0235907.t002g}

         Landscape Metrics   Colony Complex Metrics   Colony Metrics           Within Landscape                                                                                                   
  ------ ------------------- ------------------------ ------------------------ ------------------ -------------- -------------- ------------ ------------ ---------------------- ---------------- ----------------------
  1993   19                  221                      32.88 (3.31--6016.00)    372.10 ±1,368.48   11.47 ±34.20   21.08 ±30.69   1.77 ±0.46   0.75 ±0.12   20.81 (0.00--483.75)   81.26 ±157.81    269.6925 ±745.6769
  1996   20                  147                      24.19 (4.75--3760.06)    237.33 ±832.12     7.35 ±23.31    35.87 ±66.16   1.62 ±0.56   0.87 ±0.05   0.18 (0.00--91.16)     8.64 ±20.91      33.8455 ±152.7645
  1999   17                  128                      16.69 (0.13--3173.38)    222.51 ±763.06     7.53 ±21.85    25.79 ±60.82   1.62 ±0.32   0.74 ±0.20   0.19 (0.00--84.89)     8.37 ±21.53      33.0486 ±148.879
  2002   20                  145                      15.53 (0.94--4406.44)    252.17 ±979.26     7.25 ±22.40    21.38 ±48.37   1.62 ±0.48   0.74 ±0.14   0.17 (0.00--174.17)    17.39 ±49.38     88.2765 ±411.8528
  2004   20                  242                      14.06 (2.44--6674.13)    373.59 ±1,484.26   12.10 ±34.75   15.63 ±25.63   1.72 ±0.24   0.63 ±0.19   4.36 (0.00--892.35)    81.52 ±217.36    522.9193 ±1428.5538
  2005   24                  141                      27.44 (0.38--9998.69)    484.67 ±2,030.61   5.88 ±16.74    29.54 ±35.25   1.65 ±0.31   0.78 ±0.16   0.00 (0.00--1894.77)   117.07 ±391.78   953.0438 ±2514.8213
  2006   84                  178                      18.72 (0.13--10729.81)   173.15 ±1,170.73   2.12 ±6.52     28.89 ±37.09   1.61 ±0.31   0.83 ±0.14   0.00 (0.00--2676.15)   45.92 ±300.69    787.8221 ±2389.5057
  2007   66                  143                      23.97 (0.25--10731.69)   216.02 ±1,318.02   2.17 ±4.60     39.74 ±62.64   1.67 ±0.36   0.80 ±0.15   0.00 (0.00--4854.42)   87.95 ±597.77    1201.6556 ±3307.6457
  2009   74                  231                      23.28 (1.13--4465.94)    111.62 ±521.33     3.11 ±12.53    33.93 ±50.85   1.71 ±0.38   0.79 ±0.15   0.00 (0.00--691.11)    25.31 ±88.38     307.5018 ±1331.6753
  2011   78                  370                      5.00 (0.06--2582.38)     57.11 ±293.86      4.73 ±18.98    12.55 ±26.59   1.57 ±0.44   0.58 ±0.25   0.00 (0.00--480.25)    16.48 ±61.20     202.5207 ±772.1746
  2013   69                  299                      9.75 (0.25--2007.69)     58.48 ±244.24      4.32 ±17.12    16.41 ±26.29   1.62 ±0.42   0.65 ±0.21   0.00 (0.00--382.75)    21.58 ±69.00     151.9447 ±630.4578
  2015   76                  500                      8.34 (0.19--1884.88)     50.42 ±218.19      6.54 ±26.90    10.21 ±18.33   1.51 ±0.34   0.56 ±0.23   1.41 (0.00--214.39)    20.15 ±46.24     91.6928 ±432.912

Years when plague was present are shaded light gray. Median and range or mean and standard deviation are provided. NP: number of patches (colonies), CA: class area (colony complex), AREA_MN: mean area of a colony within a colony complex, SHAPE_M: mean shape of colonies within a colony complex, CONTIG_MN: mean contiguous index of colonies in a colony complex, PROX_MN: mean proximity index of a colony with in a colony complex or within the total landscape.

Between the years 1993 and 2007, the mean total class area was 291.44 (± standard deviation 106.57) ha, with a mean of 173.13(±43.17) patches throughout the entire landscape. After the invasion of plague, the mean total class area decreased to 69.41(±28.36) during 2009 to 2015. The best model assessing total class area included years post plague invasion (ΔAIC = 41.52, [S1 Table](#pone.0235907.s001){ref-type="supplementary-material"}) and total class area decreased -0.109 on the natural log scale per year post plague (95% confidence interval (95%CI): -0.141, -0.077). Prior to plague, there was a mean of 6.98 (±3.68) colonies per colony complex, with a mean colony area of 51.63(±28.90) ha. Post plague arrival, the mean number of patches throughout the landscape significantly increased to 352.25(±115.24) (ANOVA p\<0.05), with a mean of 4.67(±1.42) colonies per colony complex. The mean patch area of these colonies decreased to 17.19 (±12.54) ha. The best model assessing number of colonies per colony complex included years post plague (ΔAIC: 221.98; [S1 Table](#pone.0235907.s001){ref-type="supplementary-material"}) and estimated that number of colonies per complex increased 0.11 (slope estimate 0.11, 95%CI: 0.096, 0.125) every year after plague arrived. The best model assessing mean colony area included years post plague (ΔAIC = 88.07, [S1 Table](#pone.0235907.s001){ref-type="supplementary-material"}) and mean colony area decreased with 0.179 on the natural log scale per year after 2008 (slope estimate: -0.179, 95%CI: -0.215, -0.144)

Colony shape {#sec016}
------------

The mean shape index and mean contiguity index decreased after the arrival of plague compared to the pre-plague values, indicating that colonies were becoming more simplistic in shape, smaller, and less contiguous after plague invasion ([Table 2](#pone.0235907.t002){ref-type="table"}). For both spatial characteristics, the model including the years after plague invasion had the best explanatory ability (ΔAIC: 3.92 and 123.49, respectively; [S1 Table](#pone.0235907.s001){ref-type="supplementary-material"}). Mean shape index was marginally negatively impacted by plague (estimate: -0.012, 95%CI: -0.022,-0.002); prior to 2008, the mean of the mean shape index of the colonies was 1.69 (±0.10) and after the invasion of plague the mean was reduced to 1.52 (±0.05) ([Fig 3](#pone.0235907.g003){ref-type="fig"}). Mean contiguity index was estimated to decrease 0.034 each post-plague year (95% CI: -0.039, -0.028; ΔAIC: 123.49; [S1 Table](#pone.0235907.s001){ref-type="supplementary-material"}). At the landscape level, the mean of the mean contiguity index before the arrival of plague was 0.70 (±0.11), and after plague arrived it decreased to 0.49 (±0.08).

![Colony characteristics change after the arrival of plague.\
The largest colony complex was removed from the dataset to create the plot for number of patches. Years post plague invasion (yPI) was a significant predictor (95% CI that did not overlap with zero and included in the best fit model) for all metrics except proximity (PROX_MN). Log = natural log. Error bars represent the standard error.](pone.0235907.g003){#pone.0235907.g003}

Colony aggregation {#sec017}
------------------

The mean proximity index of a colony to any other colony prior to the arrival of plague varied greatly between 1993 and 2007 (mean: 558.80±496.31, range 33.0 to 1201.7); in the years just before the arrival of plague (2004--2007) mean proximity index was greater than previous years (866.36 compared to 106.22). Following the invasion of plague, it decreased (mean: 209.96±100.75), indicating that colonies were becoming more isolated again ([Table 2](#pone.0235907.t002){ref-type="table"}). Between 1993 and 2007, mean proximity index of a colony in a colony complex to another colony in the same colony complex was 56.02 (±41.65). After 2008, this index dropped to 20.88 (±3.65). Years post-plague invasion was not a significant explanatory variable in our within-colony complex mean proximity index model; the best model was the random effects only model ([Fig 3](#pone.0235907.g003){ref-type="fig"}; [S1 Table](#pone.0235907.s001){ref-type="supplementary-material"}).

Discussion {#sec018}
==========

Spatial characteristics of prairie dog colonies in the Conata Basin prairie dog complex were significantly fragmented by the arrival of plague in 2008. As expected, the total area of each colony complex was reduced by the invasion of plague, which caused a 2/3 decline in prairie dog populations and an estimated 75% decline in the black-footed ferret population \[[@pone.0235907.ref046]\]. Furthermore, the median total colony complex area decreased (from 23.97 ha in 2007 to a low of 5.00 ha in 2011), signifying that large colonies were becoming less common throughout the complex. In addition, colony complexes were becoming more segmented, as the number of colonies composing each colony complex increased significantly and was positively associated with the number of years since plague had invaded. The mean area of these colonies followed the same pattern as the total colony complex area, meaning that the mean patch size decreased, and smaller patches became more dominant in the years after the arrival of plague. These observations are consistent with previous studies that investigated prairie dog complexes with and without a history of plague occurrence \[[@pone.0235907.ref022],[@pone.0235907.ref029]\]. We observed that fragmentation due to plague occurred quickly after invasion to naive complexes and remained as a potentially permanent alteration in this plague-affected habitat \[[@pone.0235907.ref022],[@pone.0235907.ref029],[@pone.0235907.ref031]\], which could be due to slow recovery and recolonization of habitat patches or the presence of enzootic, i.e. low incidence, plague infections that continue to suppress prairie dog populations \[[@pone.0235907.ref028]\]. Thus, we demonstrate how an invading infectious disease can act as a source of disturbance to natural systems and lead to potentially permanent alteration of habitat characteristics.

Patch complexity is often used as a measure of the strength of edge effects, which can have negative ecological impacts even in the absence of changes in total area \[[@pone.0235907.ref047]\]. While mean contiguity index and shape index (perimeter/area ratio) were marginally reduced after plague arrived, we suspect this is more related to the reduction in size of colonies leading to slightly simpler perimeters than to any ecologically significant change in patch shape or complexity. Because plague often causes complete eradication of prairie dogs within a particular patch \[[@pone.0235907.ref048]\], it is unlikely that plague invasion in the short-term would drive changes in the complexity of patch shape.

It was surprising that colony isolation did not increase significantly after plague arrival (as indicated by only marginal significance in proximity index), because Cully et al. \[[@pone.0235907.ref029]\] observed that the nearest-neighbor distances between colonies in areas with a history of plague were greater than those in areas with no history of plague. Perhaps the most likely explanation is that aggressive plague management via insecticide dust to reduce the flea vector was conducted on 4,000--6,000 hectares per year to maintain prairie dog colonies needed to sustain the resident black-footed ferret population. Unfortunately, because active plague management was on-going and treatment and plague detection histories are not known for each colony, we cannot determine the effect of dusting on the persistence of colonies on the landscape. However, previous research supports that dusting reduces the impacts of plague in prairie dog colonies \[[@pone.0235907.ref049],[@pone.0235907.ref050]\]. In addition, plague invasion was well documented within a subset of colony complexes (n = 25), but the dispersal and movement of plague to more isolated colonies was not tracked consistently. Thus, it is possible that plague did not occur on the more isolated colonies in our complex. It is also possible that the invasion of plague was compounded by increased precipitation in 2008 after several years of drought conditions \[[@pone.0235907.ref034]\]. All of these limitations would bias our results towards an underestimation of the fragmentation caused by the arrival of plague to Conata Basin. A non-exclusive alternative hypothesis is that insufficient time has passed since the invasion of plague to see the effect of the disease on isolation of colonies within a complex. The sites used by Cully et al. \[[@pone.0235907.ref029]\] that had increased nearest-neighbor distances had greater than 10 years exposure to plague, without active plague management on the landscape, while our data includes only 7 years since the invasion of plague and a portion under active plague management.

Our study is a conservative measurement of the effects of plague on the Conata Basin prairie dog colonies. To assess the pre- and post-plague spatial characteristics, we only included colony complexes that were measured for at least three different years, with at least one year before the arrival of plague and one year after. This excluded any colony complexes that may have extirpated within the first year of the arrival of plague. If there had been more consistent mapping of colonies in the years before plague arrived, we could have included colonies that were never observed after 2008. Nevertheless, when taken together, our results indicate that plague caused fragmentation of the Conata Basin prairie dog complex, and the fragmentation indicators have so far continued to increase with each year since the onset of plague. It is important to note that the exact arrival date of plague in the Conata Basin is unknown, and it is possible that it was circulating before the first confirmed case.

Because this dataset was collected during management for black-footed ferret recovery, there was a colony complex outlier and a deviation from established data collection methods that could have influenced our results. The prairie dog complex at Conata Basin included one very large colony complex (the black-footed ferret reintroduction location that continues to host a large, self-sustaining population), that at times was a single colony and at other times \>100 fragmented colonies. In addition, colony area estimated by the USFS was completed via aerial imagery in 1993 and 2006, which has been documented to overestimate occupied colony area compared to on-the-ground surveys \[[@pone.0235907.ref039]\]. In both instances, we ran the analyses with these years or colony complex removed and found similar results (analysis results with these removed is provided in the supplemental R code). Excluding these outliers from the dataset significantly reduced the number of colony complexes with at least three time points (the northeastern section of the study area was not surveyed in between 1993 and 2006) and did not significantly change the estimated effects of plague, thus we chose to include them in the final analysis. Lastly, our spatial analysis focused on shape, aggregation, and size of prairie dog colonies. However, other metrics such as burrow density are also important to sustain black-footed ferret populations. Including these metrics was outside the scope of this study, but see \[[@pone.0235907.ref051]\] for measures of fine-scale changes in burrow densities effects on black-footed ferret populations. Lastly, the data set provided with this analysis is a rasterized subset of colonies in Conata Basin and should not be used as representations of colony acreage occupied by Black-tailed prairie dogs in this area of South Dakota.

Our investigation into the spatial effects of plague in the Conata Basin National Grassland is the first to examine prairie dog colonies before and after the arrival of plague in the area. Because prairie dogs are both a keystone species and an ecosystem engineer, the fragmentation of their colonies caused by plague can have serious ramifications for not only prairie dogs, but the western North American grassland ecosystem as a whole \[[@pone.0235907.ref006],[@pone.0235907.ref010],[@pone.0235907.ref027]\]. The baseline created by this study can be used to evaluate the effectiveness of plague control strategies such as burrow dusting to eliminate fleas and wildlife vaccination programs. The continued surveying of this colony complex, with documentation of treatments and plague detections, will allow for any potential changes to be compared against both the post- and pre-plague data to further evaluate how plague management affects colony size, shape, or aggregation, either by preventing any future colony loss or by allowing the colonies to return to their former configurations \[[@pone.0235907.ref052]\]

Conclusion {#sec019}
==========

Overall, we have shown that the invasion of plague has decreased the total area of each colony complex, decreased the mean area per colony within a colony complex, increased the number of colonies per colony complex, as well as marginally decreased mean contiguity of each patch, leading to habitat fragmentation. However, both the mean proximity and shape indexes were only marginally negatively impacted. These findings illustrate the devastating effects of introduced and invading diseases, especially when a keystone species is a highly susceptible host. The disturbances caused by invading diseases can produce significant influences on the landscape and other animals that depend on them. In order to understand the larger ecosystem implications of these types of disturbances, it will be essential to continue monitoring species in both apparently healthy ecosystems and after the invasion of disease.

Supporting information {#sec020}
======================

###### Comparison between the fitted and intercept model for the selected spatial characteristics of each colony.

(DOCX)

###### 

Click here for additional data file.

###### A map showing the study area in Buffalo Gap National Grasslands, South Dakota.

The blue shapes represent the buffered colony boundaries used for identifying colonies that belonged to the same complex through the years. Base map and public land boundaries are from the USGS National Map Server (<https://viewer.nationalmap.gov/advanced-viewer/>).
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Click here for additional data file.

###### A map of the study area immediately before and after plague invasion.

(TIF)
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Click here for additional data file.

###### R markdown.

(RMD)

###### 

Click here for additional data file.

###### Supplement Keuler et al.

In this file the generalized linear models are ran for the full data set and the reduced dataset (Colony 3 excluded, and aerial surveys \[1993, 2006\] excluded).

(HTML)

###### 

Click here for additional data file.
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1\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Yes

Reviewer \#2: Partly

\*\*\*\*\*\*\*\*\*\*

2\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This well-written manuscript describes the recent invasion of Yersinia pestis (the causative agent of sylvatic plague) into Conata Basin, South Dakota. The paper summarizes data on prairie dog colony characteristics (e.g., size, shape, aggregation) before and after plague's invasion. The paper is unique in some respects; prior studies have concentrated (mostly) on areas with historic, endemic plague, and have not included before-after comparisons (but see Eads et al. 2018 for an example from Conata Basin). On the other hand, the paper describes observable, documented phenomena that have been discussed for decades (plague-induced prairie dog population destruction). The manuscript is fascinating and builds upon additional observations/studies that might be discussed in a manner to reduce the tone of novelty.

General comment: The paper concentrates on colony size, shape, and aggregation, which is understandable and appropriate; the underlying data are well suited from such an assessment. That said, additional colony characteristics are important. For example, black-footed ferrets selectively use areas with high densities of active burrow openings (refuge) and prairie dog prey (Biggins et al. 2006, Eads et al. 2011, Livieri and Anderson 2012). These characteristics are extremely important for ferrets, and likely other species. Eads et al. (2018) provide some information on fine-scale changes in burrow/prey density before and after plague's invasion of Conata Basin. Additional information may be available from those authors and, more generally, groups involved in long-term prairie dog and ferret conservation in the study area.

General comment: The paper concentrates on epizootic plague. Enzootic plague (i.e., transmission between epizootics) is of extreme importance in black-footed ferret and prairie dog conservation (Biggins et al. 2010, Matchett et al. 2010). The authors might briefly mention and describe enzootic plague in the Discussion and emphasize the importance of enzootic plague for wildlife conservation.

General comment: The paper does not mention the decline of black-footed ferrets at Conata Basin. The paper might benefit from some information on the ferret decline (e.g., in the Discussion) given the site is managed (mostly) for ferret conservation. USFS and Prairie Wildlife Research may provide useful information.

Tile: Possibly change "pathogen" to "disease"; the title concentrates on sylvatic plague, not Yersinia pestis.

Keywords: Please change "sciuridae" to Sciuridae.

Line 38: The authors suggest emerging infectious diseases are "not traditionally thought of as a source of disturbance". The material might be modified; many authors have discussed ecological disturbances and transformations caused by invasive plague (e.g., Antolin et al. 2002, Kotliar et al. 2006, Eads and Biggins 2015).

Line 60: Possibly note that Cynomys occur in Mexico and Canada, as well as the US.

Line 93 and elsewhere, including figures: "Introduction" might be changed to "invasion" to emphasize how plague (probably) arrived at Conata Basin (probably via ecological invasion, though human-assisted introduction is possible).

General comment: In 2007, there was some evidence of sylvatic plague on a colony near Highway 44 (sudden disappearance of prairie dogs documented by USGS-FORT field researchers; plague was not confirmed).

Line 115: The authors might mention weather as another influence on prairie dog populations and colonies.

Line 124: Proactive deltamethrin dusting started in 2005.

Line 124: To my knowledge, 1 of the authors (RG) was intimately involved in plague mitigation and research at the study site. The remaining authors might have been involved peripherally, for a short amount of time. In addition to deltamethrin, several other forms of experimental plague mitigation (vaccines and insecticides) were under use/testing at the study site, especially after plague's invasion, and those mitigation measures should be discussed, as they might influence results from this study. The authors might contact other researchers intimately involved in plague mitigation and research at Conata Basin, and request help, so the paper fully summarizes all forms of plague mitigation and potential influences on the results. For example, how might the following have affected the results: research on an injectable plague vaccine with prairie dogs and small rodents (USGS-FORT unpublished data); research on an edible vaccine with prairie dogs (Rocke et al. 2017); research on a variety of insecticides (Eads et al. 2019)? How might flea resistance to deltamethrin (Eads et al. 2019) have affected the results?

Line 138: Colonies adjacent to Badlands National Park are cutoff at the park boundary, even though some of the colonies extend into the Park. This phenomenon affects colony size and shape. How might this phenomenon affect the results?

Line 162: Possibly add justification for the use of 25 m resolution.

Line 191: Did the authors consider non-linear forms of "years since outbreak"?

Figure 2: This figure zooms into section B, which includes many colonies treated with deltamethrin and other experimental plague mitigation tools. Consequently, section B concentrates on areas with data that underestimate the effect of plague. The authors might consider adding another figure (even as a supplement) that depicts colony areas in 2007 (on the left) and 2009 (on the right), with no mapping for other years. The change was visually dramatic.

Figure 2: Were Heck Table and areas further to the west included in this study?

Figure 2: Were areas north of the Badlands wall included in this study? If so, the analyses might include a variable for "south" or "north" of the Badlands wall (given plague has most dramatically affected areas south of the wall). The analysis might benefit from a separate assessment of data from south of the wall (alone; this should help to better illustrate the devastating effects of plague, which had not really manifested north of the Badlands wall).

Thank you for the opportunity to review this interesting manuscript. I hope my comments are useful to the authors.

Reviewer \#2: Review of PONE-D-20-01395

An invasive pathogen, sylvatic plague, increases fragmentation of black-tailed prairie dog (Cynomys ludovicianus) colonies

Summary: The authors use a prairie dog dataset from Conata Basin, South Dakota to demonstrate how an introduced disease (plague) affects the general landscape characteristics of the prairie dog colonies. The paper is well written and presents quality research that is unique (i.e., before-after effect of plague on prairie dog colonies). The Introduction does an excellent job of describing the background, need for the study, why it is important, and the general objectives. The Methods are well written but need some clarification and justification, primarily in the Spatial Analysis, for the reader to better understand the metrics and how they were measured. My specific comments are below and include censoring the 1993 and 2006 data sets. Figure 1 is excellent in demonstrating the workflow, but could use a little bit more explanation in the text or caption. Figure 2 provides a nice visualization of some of the input data, but is not as vital as Figure 1. Figure 3 provides a good summary of the results. Table 1 is appropriate. Table 2 is relatively dense with information, but the only suggestions I have for improvement would be removal of 1993 and 2006. The Data Analysis is appropriate and well executed. Results are complete and can take a few reads before fully understood. Because the data are rasterized, the reader has to be mindful that the numbers reported are not exactly what was measured on the landscape, but rather a quantitatively accurate generalization. The Discussion and Conclusion appropriately highlight the important findings and place them in the appropriate management context. The authors do a good job of explaining limitations and suggest further research. References may need a few edits. Supplemental Material table is appropriate.

Specific comments:

Line 61: "inhabit only 2% of their historic range...". Estimates of prairie dog decline vary, thus I suggest a slight change in wording to account for variable estimates, such as "inhabit approximately 2% of their historic range..." See the summary of historic range estimates in Miller et al. 2007 Prairie dogs: an ecological review and current biopolitics. Journal of Wildlife Management 71:2801-2810.

Lines 88-89: "Lastly, warm winters and wet springs..." For an alternate view, see Eads and Biggins 2017 Paltry past precipitation: pre-disposing prairie dogs to plague? Journal of Wildlife Management 81:990-998.

Lines 104-107: "All of the prairie dog colonies surveyed in the study area..." I suggest acknowledging that some prairie dog colonies were contiguous with other federal (i.e., Badlands National Park) or private lands and thus some colony borders analyzed in this study were straight lines (i.e., borders) between land ownership and not necessarily a true characteristic of the colony. Some readers may be confused by some of the straight line borders in Figure 2 and thus suspect that some colonies may be larger or have a different shape than what was analyzed.

Lines 110-114: "Beginning in 2005, Boundary Management Zones (BMZs) were used..." I agree that the consistent BMZ management from 2005-2015 should not be a problem in interpreting fragmentation post-2008. However, prior to 2005 there were often a significant amount of prairie dog colony area in the BMZ area. Did the authors remove the BMZ (i.e., remove the ½ mile) from the colonies prior to 2005? Otherwise the estimates of class area and other metrics (Table 1) presented in Table 2 would be inflated for any colonies prior to 2005.

Lines 125-127: "The use of dusting..." I'm glad the authors acknowledge dusting but it certainly complicates interpretation of the results because it is an effective tool in increasing prairie dog survival at certain levels of plague circulation (Biggins et al. 2010 Vector control improves survival of three species of prairie dogs (Cynomys) in areas considered enzootic for plague. Journal of Vector-Borne and Zoonotic Diseases 10:17-26). Thus the probability of colonies persisting and/or maintaining during plague is possible by dusting. Because dusting is very labor-intensive, it can be difficult to treat entire colonies, potentially creating artificial borders between dusted and non-dusted areas. For instance, in Figure 2, Box B, the large yellow colony in the upper right quadrant has a diagonal line across from SW to NE. That line is very close where dusting occurred (green) and likely influenced the size and shape of that particular colony. Additionally, not every area was continually dusted every year (due to budget) or timing between annual dust applications varied.

Line 131: "...transverse..." I would suggest using a different word as transverse means crossing, often in perpendicular direction. I suggest using "record" or "trace" in this instance as the mappers followed the outline of the colony.

Line 133: "coordinates every second." For the years 1999-2005 the GPS units recorded a coordinate every 5 seconds (I created the data dictionary and did much of the mapping). Based upon the shape of the colonies in the 1996 coverage, I suspect it was also 5 seconds. Griebel was present 2007-2015 and oversaw all the mapping and can confirm if those years were mapped using 1 or 5 seconds between locations. While this may seem trivial, the interval between locations and the speed traveled can affect the overall shape of a polygon.

Lines 135-137: "This method was used to estimate colony size..." The 1993 coverage was not estimated by GPS ground mapping, but through aerial photography (see Schenbeck and Myhre 1986 Aerial photography for assessment of black-tailed prairie dog management on the Buffalo Gap National Grassland, South Dakota. US Forest Service Technical Report 86-7). I would suggest not using the 1993 coverage because it was derived from aerial photography, the area was open to prairie dog shooting (closure started in 1998, with the exception of a few small areas), and many areas were subject to poisoning, which certainly can impact prairie dog populations. Along those same lines, I would suggest eliminating use of the 2006 coverage as well because it was derived using a different method (aerial photography).

Line 145: "between the years 1993 and 2015". Again, I would suggest not using the 1993 and 2006 coverage layers because they were collected under a different methodology. Looking at Table 2, there is a marked decrease in some of the metrics between 1993 (aerial photography) and 1996 (GPS ground) that could be an artifact of poisoning, shooting, or methodology. Similarly, the 2006 metrics do not fit the general known pattern (prairie dog colonies increased in size from 1999 to 2007). From my experience on the ground, the colonies did not decrease in size/distribution from 2006-2007 (as Table 2 would suggest and the authors state later in the paper on Line 211).

Lines 145-150: "The colonies in the composite map were buffered..." I understand and support the concept of using a composite map to facilitate the consistent tracking of prairie dog colonies that coalesce/fragment and I agree that 69m is a reasonable daily distance for a prairie dog to move WITHIN a prairie dog colony, but not out from a prairie dog colony. In the Conata Basin, colonies are often separated by barriers that inhibit the daily movements of prairie dogs. The three darkest colonies in Figure 2, Box B are less than 138m from each other, but are separated by deep drainages that are only crossed by prairie dogs during dispersal (certainly not on a daily basis). It's unclear as to why a buffer is needed from the edge of the colony and some further description/explanation would be appreciated. I'm also having difficulty understanding how the authors had 425 colonies in the composite map. In 2007, there were 40 individual colonies in Box A of Figure 2 (i.e., 40 polygons), which then buffered by 69m results in 9 colonies (i.e., polygons). How did the authors derive 425 individual colonies from a composite map, particularly after buffering by 69m? I may be misunderstanding the methodology.

Lines 155-156: "Selected colonies were sampled..." Please clarify if the sampling was random, stratified, systematic, etc. If I understand this correctly, for each colony, a value was chosen from one coverage year prior to plague and two coverage years after plague. These values were used in the models (later described). Thus the data for colony \#28 could be from 2002, 2009, and 2015. And then the data for colony \#29 could be from 2005, 2011, and 2013. Why not use all of the data?

Line 157: "...after plagues arrival..." Suggest a change to "...after the arrival of plague..."

Lines 161-162: "...develop raster-based GIS files with a resolution of 25m..." Is this the cell size and then each patch is a contiguous set of cells? I suggest a simple description to help the reader better understand the definition of a patch.

Line 168: I suggest providing a web citation for FRAGSTATS. McGarigal, K., SA Cushman, and E Ene. 2012. FRAGSTATS v4: Spatial Pattern Analysis Program for Categorical and Continuous Maps. Computer software program produced by the authors at the University of Massachusetts, Amherst. Available at the following web site: <http://www.umass.edu/landeco/research/fragstats/fragstats.html>

Line 204: "...425 unique colonies were identified..." Please clarify how this number was determined per comments above.

Line 209: "The mean number of patches per colony decreased..." The mean number of patches per colony appeared to be stable for 1996, 1999, and 2002. Then a significant increase occurred in 2004, followed by a significant decrease in 2005. Undoubtedly, the colonies were expanding during this time frame and coalescing, but the 2004 data presented in Table 2 appears to be an anomaly? Also, the mean number of patches during the plague years (2009, 2011, 2013, 2015) does increase over time, but not to the same degree as 2002 to 2004.

Line 211: As noted above, I would suggest reconsidering the use of the 2006 data because of the methodology that could account for significant differences. If the 2006 data is used, then it suggests that the total area of prairie dogs decreased in 2007, before the known invasion of plague.

Line 216: Comments on Table 2. In the caption for Table 2, I would suggest adding in a description that this table contains data for the 91 selected colonies, not all of the colonies in the study area. It would be helpful to also describe the data as rasterized so that readers don't interpret the numbers as actual vector-mapped colony sizes. The definitions of "colony" and "patch" should be clarified for the Table. As I read it, the No. of colonies is the number of composite colonies with a unique ID (out of a total of 425?). In the flowchart of Figure 1, which illustrates the workflow well, the last component visually suggests that patch is a contiguous set of 25m grid cells. If that is the case, then any contiguous prairie dog colony (vector or raster) on the landscape comprises one patch? The Table reports 500 patches in 2015 but the 2015 GIS coverage that I have only has 400 total prairie dog colonies (polygons). Can a contiguous polygon be split in the vector-to-raster process?

Line 298: "...limitation..." Another suggestion could be cascading effects from plague that were difficult to measure, such as increased rainfall (see Figure 11 in Kempema et al. 2015 Colony acreage and distribution of the black-tailed prairie dog in South Dakota, 2012). Drought conditions from 1999-2007 facilitated growth of colonies (e.g., prairie dogs had to seek more forage over a greater area). Above-average rainfall in 2008 (the same year plague invaded) likely also stimulated vegetation growth and the prairie dogs that survived plague were further limited by increased vegetation, thus furthering declines in area, shape, etc. Undoubtedly, plague caused a significant reduction in colony area, shape, and contiguity, but we often speculated that increased rainfall could exacerbate the effects of plague through vegetative growth.

Lines 314-315: "If we had been able to determine..." From my understanding, every colony was revisited during each mapping effort for 2002-2015, thus any colonies that did not appear after 2008 were truly extirpated.

Line 322: "...consisted of one very large colony..." This is confusing related to the 425 colonies reported earlier in the manuscript.

Lines 324-328: "In addition, colony area..." The authors support reasoning for excluding the 2006 coverage from the data set altogether (and the 1993 data set too). I would suggest that keeping the 1993 and 2006 data sets unnecessarily complicates the manuscript and the removal would strengthen the manuscript.

Line 341: "...appearance..." The authors consistently used the word "introduction" in reference to plague and I would suggest using the same word here.

General comments: The GIS coverage data sets for 2007, 2009, 2011, 2013, and 2015 all excluded water sources on the prairie dog colonies (i.e., stock dams) but the prior data sets did not exclude the water sources. On the more recent data sets, this would look like holes within the prairie dog colony, whereas the prior data sets do not have any such holes, although the stock dams were present. It may be helpful to eliminate those stock dams from the prior years, otherwise those would be rasterized cells that would be considered prairie dog colony during the 1993-2006 period and then would not be colony during the 2007-2015 period. That could introduce a small level of bias in the data set.

The References may require some revisions (all Caps in some citations \[2\], capital letters in some article names \[3,4,13,18,21,22,25,32,37,38,39\]), although I am not entirely familiar with PLOSOne formatting requirements.

\*\*\*\*\*\*\*\*\*\*

6\. PLOS authors have the option to publish the peer review history of their article ([what does this mean?](https://journals.plos.org/plosone/s/editorial-and-peer-review-process#loc-peer-review-history)). If published, this will include your full peer review and any attached files.

If you choose "no", your identity will remain anonymous but your review may still be made public.

**Do you want your identity to be public for this peer review?** For information about this choice, including consent withdrawal, please see our [Privacy Policy](https://www.plos.org/privacy-policy).

Reviewer \#1: No

Reviewer \#2: Yes: Travis Livieri

\[NOTE: If reviewer comments were submitted as an attachment file, they will be attached to this email and accessible via the submission site. Please log into your account, locate the manuscript record, and check for the action link \"View Attachments\". If this link does not appear, there are no attachment files to be viewed.\]

While revising your submission, please upload your figure files to the Preflight Analysis and Conversion Engine (PACE) digital diagnostic tool, <https://pacev2.apexcovantage.com/>. PACE helps ensure that figures meet PLOS requirements. To use PACE, you must first register as a user. Registration is free. Then, login and navigate to the UPLOAD tab, where you will find detailed instructions on how to use the tool. If you encounter any issues or have any questions when using PACE, please email us at <figures@plos.org>. Please note that Supporting Information files do not need this step.
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Author response to Decision Letter 0

16 Apr 2020

Dear Dr. Becker, Dr. Livieri and anonymous reviewer,

Thank you very much for your thorough review of our manuscript and detailed suggestions for its improvement.

We have tried to address all comments and provided a response below.

Best Regards,

Dr. Katherine Richgels

Also on behalf of co-authors

Journal Requirements:

1\. When submitting your revision, we need you to address these additional requirements.

Please ensure that your manuscript meets PLOS ONE\'s style requirements, including those for file naming. The PLOS ONE style templates can be found at

<http://www.journals.plos.org/plosone/s/file?id=wjVg/PLOSOne_formatting_sample_main_body.pdf> and <http://www.journals.plos.org/plosone/s/file?id=ba62/PLOSOne_formatting_sample_title_authors_affiliations.pdf>

Response: Done.

2\. In your Methods section, please provide additional location information of the study area, including geographic coordinates for the data set if available.

Response: We have included additional description of the area covered in the methods and will include a shapefile of the colony boundaries selected for our analysis through time with the USGS data release. In addition, a map of the colony area was added as supplemental figure S1.

3\. In your Methods section, please provide additional information regarding the permits you obtained for the work. Please ensure you have included the full name of the authority that approved the field site access and, if no permits were required, a brief statement explaining why

Response: We included a statement explaining why permits were not necessary. "No permits had to be obtained as the work was conducted by the USFS."

4\. We note that you have stated that you will provide repository information for your data at acceptance. Should your manuscript be accepted for publication, we will hold it until you provide the relevant accession numbers or DOIs necessary to access your data. If you wish to make changes to your Data Availability statement, please describe these changes in your cover letter and we will update your Data Availability statement to reflect the information you provide.

Response: USGS requires all data used for scientific publications be released at the time of publication. The data supporting this manuscript will be made available at DOI: <https://doi.org/10.5066/P9XON1P4> once the dataset and manuscript have USGS approval for publication.

5\. We note that Figures 1 and 2 in your submission contain \[map/satellite\] images which may be copyrighted. All PLOS content is published under the Creative Commons Attribution License (CC BY 4.0), which means that the manuscript, images, and Supporting Information files will be freely available online, and any third party is permitted to access, download, copy, distribute, and use these materials in any way, even commercially, with proper attribution. For these reasons, we cannot publish previously copyrighted maps or satellite images created using proprietary data, such as Google software (Google Maps, Street View, and Earth). For more information, see our copyright guidelines: <http://journals.plos.org/plosone/s/licenses-and-copyright>.

We require you to either (1) present written permission from the copyright holder to publish these figures specifically under the CC BY 4.0 license, or (2) remove the figures from your submission:

Response: The maps in figure 1 and 2 were created by the authors. QGIS and FragStats are both open source software, their logos are available for use.

Reviewers\' comments:

Review Comments to the Author

Reviewer \#1: This well-written manuscript describes the recent invasion of Yersinia pestis (the causative agent of sylvatic plague) into Conata Basin, South Dakota. The paper summarizes data on prairie dog colony characteristics (e.g., size, shape, aggregation) before and after plague's invasion. The paper is unique in some respects; prior studies have concentrated (mostly) on areas with historic, endemic plague, and have not included before-after comparisons (but see Eads et al. 2018 for an example from Conata Basin). On the other hand, the paper describes observable, documented phenomena that have been discussed for decades (plague-induced prairie dog population destruction). The manuscript is fascinating and builds upon additional observations/studies that might be discussed in a manner to reduce the tone of novelty.

Response: Thank you. We have toned down the claims of novelty (not required by PLoS One for publication) throughout.

General comment: The paper concentrates on colony size, shape, and aggregation, which is understandable and appropriate; the underlying data are well suited from such an assessment. That said, additional colony characteristics are important. For example, black-footed ferrets selectively use areas with high densities of active burrow openings (refuge) and prairie dog prey (Biggins et al. 2006, Eads et al. 2011, Livieri and Anderson 2012). These characteristics are extremely important for ferrets, and likely other species. Eads et al. (2018) provide some information on fine-scale changes in burrow/prey density before and after plague's invasion of Conata Basin. Additional information may be available from those authors and, more generally, groups involved in long-term prairie dog and ferret conservation in the study area.

Response: We are aware of other efforts to understand prairie dog colony dynamics in the area. However, none of those efforts had the same spatial or temporal scale of this analysis and would require substantial subsetting of included colonies. We have included a statement in the discussion about other metrics that may be important for black-footed ferret recovery (besides size, shape, and aggregation).

General comment: The paper concentrates on epizootic plague. Enzootic plague (i.e., transmission between epizootics) is of extreme importance in black-footed ferret and prairie dog conservation (Biggins et al. 2010, Matchett et al. 2010). The authors might briefly mention and describe enzootic plague in the Discussion and emphasize the importance of enzootic plague for wildlife conservation.

Response: We have added a sentence about enzootic plague in the discussion. Because we only evaluated 7 years post epidemic, and this was a major fragmenting event (naive populations with invading disease), we felt interpreting the reduced recovery of prairie dog colonies after the outbreak in light of enzootic plague was premature. However, if the time series of colony sizes continues to be collected, it may be possible to evaluate whether there is recovery in between epizootics and thus find evidence for or against the occurrence of enzootic plague in this region.

General comment: The paper does not mention the decline of black-footed ferrets at Conata Basin. The paper might benefit from some information on the ferret decline (e.g., in the Discussion) given the site is managed (mostly) for ferret conservation. USFS and Prairie Wildlife Research may provide useful information.

Response: We have added some context about management for Black-footed Ferrets throughout.

Title: Possibly change "pathogen" to "disease"; the title concentrates on sylvatic plague, not Yersinia pestis.

Response: Changed

Keywords: Please change "sciuridae" to Sciuridae.

Response: Thank you for catching that!

Line 38: The authors suggest emerging infectious diseases are "not traditionally thought of as a source of disturbance". The material might be modified; many authors have discussed ecological disturbances and transformations caused by invasive plague (e.g., Antolin et al. 2002, Kotliar et al. 2006, Eads and Biggins 2015).

Response: In the case of plague, this has been often discussed. However when thinking about the overall field of ecology, disease is rarely included as a disturbance. We agree with the reviewer that this perception is changing and adjusted our wording.

Line 60: Possibly note that Cynomys occur in Mexico and Canada, as well as the US.

Response: Southern Canada and northern Mexico were added.

Line 93 and elsewhere, including figures: "Introduction" might be changed to "invasion" to emphasize how plague (probably) arrived at Conata Basin (probably via ecological invasion, though human-assisted introduction is possible).

Response: Thank you for the suggestion. Adjusted throughout the manuscript.

General comment: In 2007, there was some evidence of sylvatic plague on a colony near Highway 44 (sudden disappearance of prairie dogs documented by USGS-FORT field researchers; plague was not confirmed).

Response: Thank you for sharing that information. We added a comment to the discussion, explaining that Y. pestis might have been present prior to detection.

Line 115: The authors might mention weather as another influence on prairie dog populations and colonies.

Response: Done

Line 124: Proactive deltamethrin dusting started in 2005.

Response: We confirmed that there was some limited dusting on two colonies within the Conata Basin Complex in 2005-2007 for a research project with Dean Biggins.

Line 124: To my knowledge, 1 of the authors (RG) was intimately involved in plague mitigation and research at the study site. The remaining authors might have been involved peripherally, for a short amount of time. In addition to deltamethrin, several other forms of experimental plague mitigation (vaccines and insecticides) were under use/testing at the study site, especially after plague's invasion, and those mitigation measures should be discussed, as they might influence results from this study. The authors might contact other researchers intimately involved in plague mitigation and research at Conata Basin, and request help, so the paper fully summarizes all forms of plague mitigation and potential influences on the results. For example, how might the following have affected the results: research on an injectable plague vaccine with prairie dogs and small rodents (USGS-FORT unpublished data); research on an edible vaccine with prairie dogs (Rocke et al. 2017); research on a variety of insecticides (Eads et al. 2019)? How might flea resistance to deltamethrin (Eads et al. 2019) have affected the results?

Response: We acknowledge that the use of experimental treatments to protect prairie dogs, small rodents, and ferrets occurred on small experimental plots that may have been included in our study. However, most of these experiments were conducted in the latter years (for example the sylvatic plague vaccine trials were 2013 - 2016), and on a very small portion of the surveyed colony complexes (the plague vaccine/placebo plots together were 80 ha spread across 2 colonies). The data used in our analysis covers 1993 - 2015 and includes a total colony area of 23,290 ha (though that changes by year). We have added a comment in the methods acknowledging that other experiments were probably on-going in some areas.

Line 138: Colonies adjacent to Badlands National Park are cutoff at the park boundary, even though some of the colonies extend into the Park. This phenomenon affects colony size and shape. How might this phenomenon affect the results?

Response: Looking more closely at the 91 selected colony complexes, about 15 have artificially constricted boundaries. If colonies grow and constrict in a non-uniform way (e.g. across all edges of the boundary), then we may have underestimated changes in colony shape and complexity for these 15 colonies. However, given this is a smallish subset of the total number of colonies, and the overall strength of the detected patterns, we suspect these artificial boundaries are not overly biasing our results. We have added this detail to the methods.

Line 162: Possibly add justification for the use of 25 m resolution.

Response: Added that it is the default setting in ArcGIS 10.

Line 191: Did the authors consider non-linear forms of "years since outbreak"?

Response: We did not, as the linear models were good fits for the dataset.

Figure 2: This figure zooms into section B, which includes many colonies treated with deltamethrin and other experimental plague mitigation tools. Consequently, section B concentrates on areas with data that underestimate the effect of plague. The authors might consider adding another figure (even as a supplement) that depicts colony areas in 2007 (on the left) and 2009 (on the right), with no mapping for other years. The change was visually dramatic.

Response: We have included the recommended figure in the supplement.

Figure 2: Were Heck Table and areas further to the west included in this study?

Response: Yes, Heck Table was included. We have added more spatial information as a supplementary figure and in the methods.

Figure 2: Were areas north of the Badlands wall included in this study? If so, the analyses might include a variable for "south" or "north" of the Badlands wall (given plague has most dramatically affected areas south of the wall). The analysis might benefit from a separate assessment of data from south of the wall (alone; this should help to better illustrate the devastating effects of plague, which had not really manifested north of the Badlands wall).

Response: Yes, sites north of the wall were included. On visual inspection of the yearly shapefiles, there appears to be just as much fragmentation and reduction in colony size North of the wall as South of it. In addition, the North sites were not routinely surveyed until 2006.

Thank you for the opportunity to review this interesting manuscript. I hope my comments are useful to the authors.

Response: Thank you for your comments! They were exceptionally insightful.

Reviewer \#2: Review of PONE-D-20-01395

An invasive pathogen, sylvatic plague, increases fragmentation of black-tailed prairie dog (Cynomys ludovicianus) colonies

Summary: The authors use a prairie dog dataset from Conata Basin, South Dakota to demonstrate how an introduced disease (plague) affects the general landscape characteristics of the prairie dog colonies. The paper is well written and presents quality research that is unique (i.e., before-after effect of plague on prairie dog colonies). The Introduction does an excellent job of describing the background, need for the study, why it is important, and the general objectives. The Methods are well written but need some clarification and justification, primarily in the Spatial Analysis, for the reader to better understand the metrics and how they were measured. My specific comments are below and include censoring the 1993 and 2006 data sets.

Response: We have run the analysis with and without 1993 and 2006. There was no change in the significance of the results nor generally the coefficients when removing these years. In addition, removing those years reduced our sample size from 91 to 67. Thus, we have chosen to keep them in the main manuscript but include the reduced models in the supplemental R markdown file.

Figure 1 is excellent in demonstrating the workflow, but could use a little bit more explanation in the text or caption.

Response: Additional explanation text has been added to the caption. In addition, we have clarified the spatial analysis methods used throughout.

Figure 2 provides a nice visualization of some of the input data, but is not as vital as Figure 1.

Figure 3 provides a good summary of the results.

Table 1 is appropriate.

Table 2 is relatively dense with information, but the only suggestions I have for improvement would be removal of 1993 and 2006.

The Data Analysis is appropriate and well executed. Results are complete and can take a few reads before fully understood. Because the data are rasterized, the reader has to be mindful that the numbers reported are not exactly what was measured on the landscape, but rather a quantitatively accurate generalization. The Discussion and Conclusion appropriately highlight the important findings and place them in the appropriate management context. The authors do a good job of explaining limitations and suggest further research. References may need a few edits. Supplemental Material table is appropriate.

Response: Thank you for the thorough review of our manuscript.

Specific comments:

Line 61: "inhabit only 2% of their historic range...". Estimates of prairie dog decline vary, thus I suggest a slight change in wording to account for variable estimates, such as "inhabit approximately 2% of their historic range..." See the summary of historic range estimates in Miller et al. 2007 Prairie dogs: an ecological review and current biopolitics. Journal of Wildlife Management 71:2801-2810.

Response: Textual change made and reference added.

Lines 88-89: "Lastly, warm winters and wet springs..." For an alternate view, see Eads and Biggins 2017 Paltry past precipitation: predisposing prairie dogs to plague? Journal of Wildlife Management 81:990-998.

Response: Added.

Lines 104-107: "All of the prairie dog colonies surveyed in the study area..." I suggest acknowledging that some prairie dog colonies were contiguous with other federal (i.e., Badlands National Park) or private lands and thus some colony borders analyzed in this study were straight lines (i.e., borders) between land ownership and not necessarily a true characteristic of the colony. Some readers may be confused by some of the straight line borders in Figure 2 and thus suspect that some colonies may be larger or have a different shape than what was analyzed.

Response: Included and clarified.

Lines 110-114: "Beginning in 2005, Boundary Management Zones (BMZs) were used..." I agree that the consistent BMZ management from 2005-2015 should not be a problem in interpreting fragmentation post-2008. However, prior to 2005 there were often a significant amount of prairie dog colony area in the BMZ area. Did the authors remove the BMZ (i.e., remove the ½ mile) from the colonies prior to 2005? Otherwise the estimates of class area and other metrics (Table 1) presented in Table 2 would be inflated for any colonies prior to 2005.

Response: Only \~5 colonies of the 91 selected crossed into private lands and would have potentially been part of the BMZs. Of these, visual inspection did not show any clear difference in the location of the boundaries by year pre or post 2005.

Lines 125-127: "The use of dusting..." I'm glad the authors acknowledge dusting but it certainly complicates interpretation of the results because it is an effective tool in increasing prairie dog survival at certain levels of plague circulation (Biggins et al. 2010 Vector control improves survival of three species of prairie dogs (Cynomys) in areas considered enzootic for plague. Journal of Vector-Borne and Zoonotic Diseases 10:17-26). Thus the probability of colonies persisting and/or maintaining during plague is possible by dusting. Because dusting is very labor-intensive, it can be difficult to treat entire colonies, potentially creating artificial borders between dusted and non-dusted areas. For instance, in Figure 2, Box B, the large yellow colony in the upper right quadrant has a diagonal line across from SW to NE. That line is very close where dusting occurred (green) and likely influenced the size and shape of that particular colony. Additionally, not every area was continually dusted every year (due to budget) or timing between annual dust applications varied.

Response: The expected effect of dusting was explicitly added to this section.

Line 131: "...transverse..." I would suggest using a different word as transverse means crossing, often in perpendicular direction. I suggest using "record" or "trace" in this instance as the mappers followed the outline of the colony.

Response: Changed to record.

Line 133: "coordinates every second." For the years 1999-2005 the GPS units recorded a coordinate every 5 seconds (I created the data dictionary and did much of the mapping). Based upon the shape of the colonies in the 1996 coverage, I suspect it was also 5 seconds. Griebel was present 2007-2015 and oversaw all the mapping and can confirm if those years were mapped using 1 or 5 seconds between locations. While this may seem trivial, the interval between locations and the speed traveled can affect the overall shape of a polygon.

Response: Changed to 1 to 5 seconds. Also, thank you for all your hard work, we feel privileged to work with the dataset!

Lines 135-137: "This method was used to estimate colony size..." The 1993 coverage was not estimated by GPS ground mapping, but through aerial photography (see Schenbeck and Myhre 1986 Aerial photography for assessment of black-tailed prairie dog management on the Buffalo Gap National Grassland, South Dakota. US Forest Service Technical Report 86-7). I would suggest not using the 1993 coverage because it was derived from aerial photography, the area was open to prairie dog shooting (closure started in 1998, with the exception of a few small areas), and many areas were subject to poisoning, which certainly can impact prairie dog populations. Along those same lines, I would suggest eliminating use of the 2006 coverage as well because it was derived using a different method (aerial photography).

Response: Clarified our recreational shooting statement in line 108-110. Also added, 1993 and Schenbeck reference to the text. We conducted the analysis without 1993 and 2006, please see our response to above comment about why we decided to leave these in the analysis.

Line 145: "between the years 1993 and 2015". Again, I would suggest not using the 1993 and 2006 coverage layers because they were collected under a different methodology. Looking at Table 2, there is a marked decrease in some of the metrics between 1993 (aerial photography) and 1996 (GPS ground) that could be an artifact of poisoning, shooting, or methodology. Similarly, the 2006 metrics do not fit the general known pattern (prairie dog colonies increased in size from 1999 to 2007). From my experience on the ground, the colonies did not decrease in size/distribution from 2006-2007 (as Table 2 would suggest and the authors state later in the paper on Line 211).

Response: We conducted the analysis without 1993 and 2006 (included in the supplementary R code), see response above.

Lines 145-150: "The colonies in the composite map were buffered..." I understand and support the concept of using a composite map to facilitate the consistent tracking of prairie dog colonies that coalesce/fragment and I agree that 69m is a reasonable daily distance for a prairie dog to move WITHIN a prairie dog colony, but not out from a prairie dog colony. In the Conata Basin, colonies are often separated by barriers that inhibit the daily movements of prairie dogs. The three darkest colonies in Figure 2, Box B are less than 138m from each other, but are separated by deep drainages that are only crossed by prairie dogs during dispersal (certainly not on a daily basis). It's unclear as to why a buffer is needed from the edge of the colony and some further description/explanation would be appreciated. I'm also having difficulty understanding how the authors had 425 colonies in the composite map. In 2007, there were 40 individual colonies in Box A of Figure 2 (i.e., 40 polygons), which then buffered by 69m results in 9 colonies (i.e., polygons). How did the authors derive 425 individual colonies from a composite map, particularly after buffering by 69m? I may be misunderstanding the methodology.

Response: We added language to clarify that natural barriers were not accounted for and colonies might have been counted as one even when split by natural barriers, like the deep drainages. The buffering was only used to identify colony complexes through time of the original mapped colony boundaries by year. 425 were the total number of unique colony complexes before our selection criteria were applied. Once we selected colonies with at least 3 surveys, with one before and one after plague arrival we only had 91 unique colony complexes. We have tried to clarify this part of the methods throughout.

Lines 155-156: "Selected colonies were sampled..." Please clarify if the sampling was random, stratified, systematic, etc. If I understand this correctly, for each colony, a value was chosen from one coverage year prior to plague and two coverage years after plague. These values were used in the models (later described). Thus the data for colony \#28 could be from 2002, 2009, and 2015. And then the data for colony \#29 could be from 2005, 2011, and 2013. Why not use all of the data?

Response: We use all the years observed for colonies with three or more observations. We clarified this in our methods section. No subsampling was conducted.

Line 157: "...after plagues arrival..." Suggest a change to "...after the arrival of plague..."

Response: Language was adjusted.

Lines 161-162: "...develop raster-based GIS files with a resolution of 25m..." Is this the cell size and then each patch is a contiguous set of cells? I suggest a simple description to help the reader better understand the definition of a patch.
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An invasive disease, sylvatic plague, increases fragmentation of black-tailed prairie dog (Cynomys ludovicianus) colonies

PLOS ONE

Dear Dr. Richgels,

Thank you for submitting your manuscript to PLOS ONE. After careful consideration, we feel that it has merit but does not fully meet PLOS ONE's publication criteria as it currently stands. Therefore, we invite you to submit a revised version of the manuscript that addresses the points raised during the review process.

==============================

Both reviewers and myself agree that the revised manuscript has adequately addressed most of the prior concerns. Both reviewers here include a number of more minor comments to improve clarity and transparency of the results.

==============================

We would appreciate receiving your revised manuscript by Jun 21 2020 11:59PM. When you are ready to submit your revision, log on to <https://www.editorialmanager.com/pone/> and select the \'Submissions Needing Revision\' folder to locate your manuscript file.

If you would like to make changes to your financial disclosure, please include your updated statement in your cover letter.

To enhance the reproducibility of your results, we recommend that if applicable you deposit your laboratory protocols in protocols.io, where a protocol can be assigned its own identifier (DOI) such that it can be cited independently in the future. For instructions see: <http://journals.plos.org/plosone/s/submission-guidelines#loc-laboratory-protocols>

Please include the following items when submitting your revised manuscript:

A rebuttal letter that responds to each point raised by the academic editor and reviewer(s). This letter should be uploaded as separate file and labeled \'Response to Reviewers\'.A marked-up copy of your manuscript that highlights changes made to the original version. This file should be uploaded as separate file and labeled \'Revised Manuscript with Track Changes\'.An unmarked version of your revised paper without tracked changes. This file should be uploaded as separate file and labeled \'Manuscript\'.

Please note while forming your response, if your article is accepted, you may have the opportunity to make the peer review history publicly available. The record will include editor decision letters (with reviews) and your responses to reviewer comments. If eligible, we will contact you to opt in or out.

We look forward to receiving your revised manuscript.

Kind regards,

Daniel Becker

Academic Editor

PLOS ONE

\[Note: HTML markup is below. Please do not edit.\]

Reviewers\' comments:

Reviewer\'s Responses to Questions

**Comments to the Author**

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#2: All comments have been addressed

\*\*\*\*\*\*\*\*\*\*

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The [PLOS Data policy](http://www.plosone.org/static/policies.action#sharing) requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\*\*\*\*\*\*\*\*\*\*

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This interesting manuscript builds upon existing observations/studies, demonstrating strong influences of plague on prairie dogs. Thank you for the opportunity to review the revision. The authors addressed many of my original comments. Thanks to the authors for their efforts. I hope the following comments are helpful.

Funding and Ethics statements: Operational plague mitigation at Conata Basin has been, and continues to be, highly collaborative. A variety of groups have provided support . It seems the collaborators and funders should be acknowledged (USFS, Prairie Wildlife Research, USFWS, USGS-FORT, World Wildlife Fund, etc.).

Line 65: Although this paper concentrates on a plague epizootic at the Conata Basin, it seems important to emphasize that "enzootic plague" (i.e., plague transmission and host mortality at sub-epizootic levels) also affects prairie dogs and associated species. In fact, enzootic plague may be the primary threat to endangered black-footed ferrets -- epizootics are infrequent, and enzootic plague reduces ferret survival by at least 200% during inter-epizootic periods (Matchett et al. 2010). The introduction and discussion should emphasize the importance of enzootic plague so the reader understands the importance of this prominent, albeit less understood portion of plague cycles.

Lines 74-75: The authors suggest, "the arrival of Y. pestis on a particular prairie dog colony generally leads to complete colony collapse". This statement depends on the definition of "colony collapse". Generally speaking, for many prairie dog colonies, and large colonies in particular, some prairie dogs remain after an initial epizootic. That said, declines may be defined as "collapse" from the perspective of ferret conservation (if only a few prairie dogs remain, the ferrets will die). The authors cite Pauli et al. (2006) as support. If this sort of statement remains in the paper, the authors should also cite Tripp et al. (2017), who detected functional colony collapse in the presence of epizootics.

Line 76: The authors suggest some colonies are "unaffected". However, low-level enzootic plague can cause population perturbations that are imperceptible to humans, i.e. unless experiments are conducted (Biggins et al. 2010, Matchett et al. 2010). Seemingly unaffected colonies are probably affected at some level over time, even when epizootics are not observed on those colonies. Enzootic plague deserves greater attention in this manuscript.

Line 77: Please change to "re-emerging in epizootic form".

Line 81: Please change to "low levels of endemicity that are difficult to detect but, nonetheless, ecologically important" or something similar to emphasize the importance of enzootic plague.

Lines 107 and 389: The authors suggest the work was completed by USFS. However, the number of collaborative groups and agencies is very long (even when considering dusting alone). For example, USFWS provided A LOT of funding for dusting. NPS and USFS work in close collaboration on plague mitigation. Prairie Wildlife Research, USGS-FORT, and World Wildlife Fund contributed to the overall team effort.

Line 115: The authors suggest the BMZ was consistently managed. In some (many) cases, areas within the BMZ were not consistently managed -- they were poisoned etc. only when the areas extended to within ½ mile of private lands and (usually) only when private landowners complained.

Line 118: Ferrets were first reintroduced to the area in 1994, and 146 captive-born kits were reintroduced into Conata Basin during 1996-1999 (Livieri 2006, Livieri and Anderson 2012).

Line 122: Please remove ")" at the end of the sentence.

Line 124: Tularemia should NOT be mentioned as a source of large-scale impacts, because tularemia is only known to affect pockets of prairie dogs, not larger colonies (Cherry et al. 2019).

Lines 130-131: Eads et al. (2019) tested a variety of pulicides on multiple colonies, including colonies in the core of Conata Basin, for multiple years.

Lines 141-143: Biologists confirmed, via ground truthing, that some of the aerial-mapped colonies were inactive and therefore should not be included in the current study (because those "colonies" were not really prairie dog colonies -- only old burrow mounds remained due to poisoning and other factors).

Lines 151-156: The authors suggest black-tailed prairie dogs use an average area/distance of 69 m per day. They cite data from Rocke et al. (2017). That particular dataset is very large and includes data that were kindly provided by a variety of state, government, non-profit, and Tribal groups. Most of those data are not suited for an evaluation of daily movements, and insufficient for an evaluation of territory sizes (because trapping was of short duration at most sites, within and between years). It's important to note, data from Rocke et al. (2017) were collected at multiple sites affected by epizootic plague, and plague outbreaks "break" the prairie dog social structure and favor longer movements by animals (Biggins and Eads 2019). When considering more robust datasets, black-tailed prairie dogs move over much shorter distances (e.g., 20-40 m or so, often less than 15 m over monthly periods).

Line 164: The authors commonly use "colony complexes" when referring to single colonies (I think). Complexes were defined by Biggins et al. (1993) and represent collections of colonies in close proximity. If the authors are referring to collections, they might cite Biggins et al. (1993) or provide an alternative definition for their purposes. If the authors are referring to single colonies, then "complexes" should be removed from the manuscript (except when referring to the larger Conata Basin complex).

Line 218: Please explain the cutoff of 2 AIC units. What happens if the authors use the more conservative AICc for small sample sizes?

Line 236 and Results in general: In the discussion, the authors might emphasize that rasterized colony boundaries will undoubtedly overestimate colony sizes (i.e. prairie dogs occupied less acreage than suggested by indices in this paper). This is an important point, because increasing prairie dog acreage may lead to increased complaints from private landowners. USFS and collaborators have reported on colony acreage elsewhere -- someone might use this paper to refute pervious reports (which would be inappropriate and unproductive).

Line 294: The authors suggest the local ferret population declined by 1/3. The population declined from \>300 down to about 35 (when considering the entire epizootic process).

Line 372: The authors suggest colony maps might be used to evaluate the efficacy of plague mitigation tools. Regarding the current study, it is important to note, after the epizootic most of the remaining colonies had been dusted with 0.05% deltamethrin dust (starting in 2005, in some cases, and continuing through this study). This study shows that 0.05% deltamethrin is a highly effective plague mitigation tool -- currently, deltamethrin dust is the best tool (by far) for ferret conservation. The authors should highlight this important point in their manuscript, given their results are highly influenced by dusting (in the absence of dusting, few to no colonies would have remained in the "post-epizootic" period).

Lines 385-387: The authors could cite McDonald et al. (2011) \[USGS Scientific Investigations Report 2011-5063\]. The supplement suggests research is needed on managed and non-managed habitat to assess plague effects on a variety of species/systems.

Reviewer \#2: Thank you for addressing my concerns with the manuscript. The Methods, Spatial Analysis, and additional figures provide a more clear understanding. A few additional minor changes are suggested below:

Line 122: There appears to be an extra \")\" after \"\[34\]\"

Lines 125-125: As noted by the other reviewer, dusting began in 2005 on 7,000 acres (8 colonies), and repeated in 2006 and 2007 on 1,000 acres (2 colonies). None of the dusting was directly associated with Dean Biggins' project, but was prophylactic protection and testing equipment/methods for the possible invasion of plague.

Line 346-347: "it is possible that it was circulating well before the first confirmed case." I would suggest defining what "well before" means. We monitored prairie dog colonies for apparent signs of plague (e.g., burrow activity, colony activity), tested prairie dog carcasses, and measured carnivore seroprevalence. One seropositive coyote was detected in 2005 but no changes in prairie dog activity were documented. Three dead prairie dogs were tested in fall 2007 that were negative, but in the area that plague was confirmed in May 2008. Also, a few fleas collected in fall 2007 contained plague DNA. Thus I would estimate that it was no longer than 1 year before the first confirmed case. I would suggest changing the sentence to read \"it is possible that it was circulating up to 1 year before the first confirmed case.\"

Line 348-349: "Because this dataset was collected during routine management for black-footed ferrets and prairie dog recovery plans". I suggest changing the wording to "Because this dataset was collected during management of prairie dog colonies for black-footed ferret recovery..." There is not a recovery plan for prairie dogs as they are not a listed species.

\*\*\*\*\*\*\*\*\*\*
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Dear Dr. Becker,

Thank you. We addressed comments by the reviewers and additional comments provided by the USGS review process. Please find below our response to the reviewer's comments, a track changes document and the document with all changes accepted.

Your Sincerely,

Kathrine L.D. Richgels

 

Reviewers\' comments:

Reviewer\'s Responses to Questions

Comments to the Author

1\. If the authors have adequately addressed your comments raised in a previous round of review and you feel that this manuscript is now acceptable for publication, you may indicate that here to bypass the "Comments to the Author" section, enter your conflict of interest statement in the "Confidential to Editor" section, and submit your \"Accept\" recommendation.

Reviewer \#1: (No Response)

Reviewer \#2: All comments have been addressed

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

2\. Is the manuscript technically sound, and do the data support the conclusions?

The manuscript must describe a technically sound piece of scientific research with data that supports the conclusions. Experiments must have been conducted rigorously, with appropriate controls, replication, and sample sizes. The conclusions must be drawn appropriately based on the data presented.

Reviewer \#1: Partly

Reviewer \#2: Yes

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

3\. Has the statistical analysis been performed appropriately and rigorously?

Reviewer \#1: Yes

Reviewer \#2: Yes

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

4\. Have the authors made all data underlying the findings in their manuscript fully available?

The PLOS Data policy requires authors to make all data underlying the findings described in their manuscript fully available without restriction, with rare exception (please refer to the Data Availability Statement in the manuscript PDF file). The data should be provided as part of the manuscript or its supporting information, or deposited to a public repository. For example, in addition to summary statistics, the data points behind means, medians and variance measures should be available. If there are restrictions on publicly sharing data---e.g. participant privacy or use of data from a third party---those must be specified.

Reviewer \#1: Yes

Reviewer \#2: Yes

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

5\. Is the manuscript presented in an intelligible fashion and written in standard English?

PLOS ONE does not copyedit accepted manuscripts, so the language in submitted articles must be clear, correct, and unambiguous. Any typographical or grammatical errors should be corrected at revision, so please note any specific errors here.

Reviewer \#1: Yes

Reviewer \#2: Yes

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

6\. Review Comments to the Author

Please use the space provided to explain your answers to the questions above. You may also include additional comments for the author, including concerns about dual publication, research ethics, or publication ethics. (Please upload your review as an attachment if it exceeds 20,000 characters)

Reviewer \#1: This interesting manuscript builds upon existing observations/studies, demonstrating strong influences of plague on prairie dogs. Thank you for the opportunity to review the revision. The authors addressed many of my original comments. Thanks to the authors for their efforts. I hope the following comments are helpful.

Funding and Ethics statements: Operational plague mitigation at Conata Basin has been, and continues to be, highly collaborative. A variety of groups have provided support . It seems the collaborators and funders should be acknowledged (USFS, Prairie Wildlife Research, USFWS, USGS-FORT, World Wildlife Fund, etc.).

Reply: Thank you. Author R. Griebel was at USFS Conata Basin from 2007 -- 2015, he was unaware of the contribution of these groups before or after his time there. We have added this to the acknowledgments.

Line 65: Although this paper concentrates on a plague epizootic at the Conata Basin, it seems important to emphasize that "enzootic plague" (i.e., plague transmission and host mortality at sub-epizootic levels) also affects prairie dogs and associated species. In fact, enzootic plague may be the primary threat to endangered black-footed ferrets -- epizootics are infrequent, and enzootic plague reduces ferret survival by at least 200% during inter-epizootic periods (Matchett et al. 2010). The introduction and discussion should emphasize the importance of enzootic plague so the reader understands the importance of this prominent, albeit less understood portion of plague cycles.

Reply: The presence of Y. pestis was added to the paragraph as a post-plague die-off problem. While we agree with the reviewer that enzootic plague is important for black-footed ferret survival and long-term species recovery, the manuscript is focused on an epizootic event affecting prairie dogs. We feel that a mention of enzootic plague is appropriate (as updated in the introductory text), but that an extensive review of the topic and its implications would not be appropriate for the context of this particular study.

Lines 74-75: The authors suggest, "the arrival of Y. pestis on a particular prairie dog colony generally leads to complete colony collapse". This statement depends on the definition of "colony collapse". Generally speaking, for many prairie dog colonies, and large colonies in particular, some prairie dogs remain after an initial epizootic. That said, declines may be defined as "collapse" from the perspective of ferret conservation (if only a few prairie dogs remain, the ferrets will die). The authors cite Pauli et al. (2006) as support. If this sort of statement remains in the paper, the authors should also cite Tripp et al. (2017), who detected functional colony collapse in the presence of epizootics.

Reply: The wording was rephrased to population declines.

Line 76: The authors suggest some colonies are "unaffected". However, low-level enzootic plague can cause population perturbations that are imperceptible to humans, i.e. unless experiments are conducted (Biggins et al. 2010, Matchett et al. 2010). Seemingly unaffected colonies are probably affected at some level over time, even when epizootics are not observed on those colonies. Enzootic plague deserves greater attention in this manuscript.

Reply: Changed wording to remove implication that some colonies are unaffected.

Line 77: Please change to "re-emerging in epizootic form".

Reply: Changed to "plague epizootics are cyclical..."

Line 81: Please change to "low levels of endemicity that are difficult to detect but, nonetheless, ecologically important" or something similar to emphasize the importance of enzootic plague.

Reply: Rephrased and added reference to Matchett et al. 2010

Lines 107 and 389: The authors suggest the work was completed by USFS. However, the number of collaborative groups and agencies is very long (even when considering dusting alone). For example, USFWS provided A LOT of funding for dusting. NPS and USFS work in close collaboration on plague mitigation. Prairie Wildlife Research, USGS-FORT, and World Wildlife Fund contributed to the overall team effort.

Reply: Line 107 - we say the land is managed by the USFS, which is correct. However, we have updated the acknowledgement to recognize the consortium of partners who supported black-footed ferret recovery and plague management at Conata Basin.

Line 115: The authors suggest the BMZ was consistently managed. In some (many) cases, areas within the BMZ were not consistently managed -- they were poisoned etc. only when the areas extended to within ½ mile of private lands and (usually) only when private landowners complained.

Reply: Changed to better reflect that we don't think BMZs affected our results because they affected a small number of the total selected colonies (5/91) and there was no signal of this management in the shapefiles.

Line 118: Ferrets were first reintroduced to the area in 1994, and 146 captive-born kits were reintroduced into Conata Basin during 1996-1999 (Livieri 2006, Livieri and Anderson 2012).

Reply: We added the additional ferret reintroduction events and adjusted the citation.

Line 122: Please remove ")" at the end of the sentence.

Reply: Removed

Line 124: Tularemia should NOT be mentioned as a source of large-scale impacts, because tularemia is only known to affect pockets of prairie dogs, not larger colonies (Cherry et al. 2019).

Reply: Tularemia was removed.

Lines 130-131: Eads et al. (2019) tested a variety of pulicides on multiple colonies, including colonies in the core of Conata Basin, for multiple years.

Reply: Our study period included 1993 - 2015, the study cited by the reviewer started in summer/fall of 2015. Thus, depending on the timing of the colony surveys, Eads et al. 2019 had no or minimal temporal overlap to the data presented here.

Lines 141-143: Biologists confirmed, via ground truthing, that some of the aerial-mapped colonies were inactive and therefore should not be included in the current study (because those "colonies" were not really prairie dog colonies -- only old burrow mounds remained due to poisoning and other factors).

Reply: In response to reviewer 2's comments during the first round of review, we ran the analysis with and without 1993 and 2006. There was no change in the significance of the results nor generally the coefficients when removing these years. In addition, removing those years reduced our sample size from 91 to 67. Thus, we have chosen to keep them in the main manuscript but include the reduced models in the supplemental R markdown file.

Lines 151-156: The authors suggest black-tailed prairie dogs use an average area/distance of 69 m per day. They cite data from Rocke et al. (2017). That particular dataset is very large and includes data that were kindly provided by a variety of state, government, non-profit, and Tribal groups. Most of those data are not suited for an evaluation of daily movements, and insufficient for an evaluation of territory sizes (because trapping was of short duration at most sites, within and between years). It's important to note, data from Rocke et al. (2017) were collected at multiple sites affected by epizootic plague, and plague outbreaks "break" the prairie dog social structure and favor longer movements by animals (Biggins and Eads 2019). When considering more robust datasets, black-tailed prairie dogs move over much shorter distances (e.g., 20-40 m or so, often less than 15 m over monthly periods).

Reply: The buffering was used to identify colony complexes through time from the shapefiles of mapped colony boundaries by year. Some amount of buffering was necessary to link colonies that fragmented or shifted spatially through time. Published information on prairie dog home ranges was actually quite difficult to find at the time of the analysis (we searched the literature for manuscripts that evaluated home range size and were unsuccessful, leading us to use the data we reference above). However, since we began this project a paper supporting the distance used (from a study that estimated coterie sizes of prairie dog complexes in South and North Dakota) was published. We have added it as support for the distance we chose.

Line 164: The authors commonly use "colony complexes" when referring to single colonies (I think). Complexes were defined by Biggins et al. (1993) and represent collections of colonies in close proximity. If the authors are referring to collections, they might cite Biggins et al. (1993) or provide an alternative definition for their purposes. If the authors are referring to single colonies, then "complexes" should be removed from the manuscript (except when referring to the larger Conata Basin complex).

Reply: The authors understand the confusion and we had similar concerns. However to address concerns by reviewer 2 on how to interpret the represented metrics, we chose to use colony = patch, and colony complex = class. We specified this in the methods: "We then used a spatial join to transfer the unique ID of the spatially distinct merged colonies to the yearly shapefiles and refer to them as colony complexes (as depending on the year, there may be one or more spatially distinct colonies with the same unique ID), thus ensuring that patches, referred to as colonies, within each unique colony complex could be tracked through time."

Line 218: Please explain the cutoff of 2 AIC units. What happens if the authors use the more conservative AICc for small sample sizes?

Reply: The 2 AIC units follow the guidelines of Burnham and Anderson 2002 for model selection and multi-model inference. Since 567 observations were used for the reported analyses and we only include one parameter in our model the difference between AICc and AIC are a matter of decimals.

Line 236 and Results in general: In the discussion, the authors might emphasize that rasterized colony boundaries will undoubtedly overestimate colony sizes (i.e. prairie dogs occupied less acreage than suggested by indices in this paper). This is an important point, because increasing prairie dog acreage may lead to increased complaints from private landowners. USFS and collaborators have reported on colony acreage elsewhere -- someone might use this paper to refute previous reports (which would be inappropriate and unproductive).

Reply: That is indeed something we would like to avoid. Since we selected for certain colonies, we do not provide an estimate for the full Conata Basin complex and we hope it will not be interpreted this way. In addition, rasterization can both over and underestimate colony size, as a pixel is considered part of the colony if \>1/2 of the pixel area is occupied by the shapefile (so depending on colony shape and how it crosses the pixel grid, it can be either over or underestimated). We added a sentence to the discussion clarifying that the numbers reported in this study should not be used as an estimate of colony occupancy across the landscape.

Line 294: The authors suggest the local ferret population declined by 1/3. The population declined from \>300 down to about 35 (when considering the entire epizootic process).

Reply: We adjusted the estimate to a reduction of 75% as described in the black-footed ferret recovery plan.

Line 372: The authors suggest colony maps might be used to evaluate the efficacy of plague mitigation tools. Regarding the current study, it is important to note, after the epizootic most of the remaining colonies had been dusted with 0.05% deltamethrin dust (starting in 2005, in some cases, and continuing through this study). This study shows that 0.05% deltamethrin is a highly effective plague mitigation tool -- currently, deltamethrin dust is the best tool (by far) for ferret conservation. The authors should highlight this important point in their manuscript, given their results are highly influenced by dusting (in the absence of dusting, few to no colonies would have remained in the "post-epizootic" period).

Reply: We know that 4,000-6,000 ha were treated annually after 2008. Unfortunately we are missing two pieces of data that would allow us to evaluate this effect, (1) we do not have a complete record of which colonies were treated and when, and (2) the colonies were not surveyed consistently before 2007, and so it was not possible to estimate the extirpation of colonies due to plague (as opposed to other natural instances, had the time series been more robust). Though we agree with the reviewer that dusting most likely contributed to persistence of prairie dogs on the landscape in Conata Basin, and have made this statement stronger in the discussion.

Lines 385-387: The authors could cite McDonald et al. (2011) \[USGS Scientific Investigations Report 2011-5063\]. The supplement suggests research is needed on managed and non-managed habitat to assess plague effects on a variety of species/systems.

Reply: <https://pubs.usgs.gov/sir/2011/5063/> Added.

 

Reviewer \#2: Thank you for addressing my concerns with the manuscript. The Methods, Spatial Analysis, and additional figures provide a more clear understanding. A few additional minor changes are suggested below:

Line 122: There appears to be an extra \")\" after \"\[34\]\"

Reply: Removed

Lines 125-125: As noted by the other reviewer, dusting began in 2005 on 7,000 acres (8 colonies), and repeated in 2006 and 2007 on 1,000 acres (2 colonies). None of the dusting was directly associated with Dean Biggins' project, but was prophylactic protection and testing equipment/methods for the possible invasion of plague.

Reply: Thank you for informing us! R. Griebel did not begin working at USFS Conata Basin until 2007, and was unaware of these efforts. However, he found documentation of this effort and we have added these details to the methods.

Line 346-347: "it is possible that it was circulating well before the first confirmed case." I would suggest defining what "well before" means. We monitored prairie dog colonies for apparent signs of plague (e.g., burrow activity, colony activity), tested prairie dog carcasses, and measured carnivore seroprevalence. One seropositive coyote was detected in 2005 but no changes in prairie dog activity were documented. Three dead prairie dogs were tested in fall 2007 that were negative, but in the area that plague was confirmed in May 2008. Also, a few fleas collected in fall 2007 contained plague DNA. Thus I would estimate that it was no longer than 1 year before the first confirmed case. I would suggest changing the sentence to read \"it is possible that it was circulating up to 1 year before the first confirmed case.\"

Reply: Remove "well" from the sentence.

Line 348-349: "Because this dataset was collected during routine management for black-footed ferrets and prairie dog recovery plans". I suggest changing the wording to "Because this dataset was collected during management of prairie dog colonies for black-footed ferret recovery..." There is not a recovery plan for prairie dogs as they are not a listed species.

Reply: Reword as suggested.

\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_\_

7\. PLOS authors have the option to publish the peer review history of their article (what does this mean?). If published, this will include your full peer review and any attached files.
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